ABSTRACT: Some Age-0 males of the protandrous pandalid shrimp Pandalus latirostris Rathbun mature in their first year, and the proportion of these early maturing males (EMMs) in a population varies both locally and annually. Two laboratory experiments and 2 field observations were conducted to clarify the factors affecting the occurrence of EMMs. The first experiment showed that EMMs needed to grow fast until the breeding season and began producing sperm at about 14 mm carapace length. Individuals with an AMP (length of the endopod/length of the appendix masculina) value above 40 were defined as EMMs. In the second experiment, the effects of food amount, hatching date and maternal size on growth at Age-0 were examined. Food amount strongly affected the early growth. A difference in hatching date of > 2 wk caused a large difference in body size of juveniles; this difference was maintained until the breeding season 3 mo later. Large females spawned larger larvae than small females, but the size difference between larvae from large females and those from small females decreased with time. Field observations showed that at one site in Saroma Lagoon, Hokkaido, Japan, hatching occurred over a 1 mo period. In 1996/1997, we found no obvious differences of size distribution of Age-0 individuals and the occurrence of EMM as a function of location in the lagoon or year. These results may have been caused by slow growth, because water temperatures in the lagoon were much colder in 1996/1997 than during 1987 to 1995. We conclude that the occurrence of EMMs is closely related to various environmental factors in shallow waters. Therefore, the proportion of EMMs may fluctuate both locally and annually. This study shows that a small difference in juvenile growth over a short period can alter the subsequent life history of P. latirostris.
INTRODUCTION
A trade-off often exists between growth and reproduction in various animals. As a result, age and/or size at first reproduction can vary both within a species and among species to maximize fitness (Partridge & Harvey 1985 , Roff 1992 . In sequential hermaphroditic species, their reproductive success is closely related with their age/size when they change their sex (Ghiselin 1969 , Warner 1975 , Charnov 1982 . If the timing of sex-change is determined by the growth of individuals, determining the age/size at the start of maturity in the sexual stage before the change may be an important factor in understanding their life history, because this maturity affects the sequential growth and maturity after the change. However, few studies have examined the process of maturation during the sexual stage for sequential hermaphrodites before the sex-change.
Pandalid shrimps are protandric (male first) hermaphrodites. The age/size at which the sex-change occurs varies among latitudes and by year, even in the same species (Rasmassen 1953 , Butler 1964 , Haynes & Wigley 1969 , Charnov 1979 , Bergström 1992 . Almost all populations have early maturing females (EMFs) that mature younger (smaller) than normal females (Charnov 1979) . Two routes exist for becoming an EMF: (1) directly becoming a female without a sexchange (primary female, PF; Bergström 1997), or (2) becoming a female after 1 yr as an early maturing male (EMM). There has been little study on variations of the age at male maturation in pandalid shrimps.
Pandalus latirostris Rathbun (P. kessleri Czerniavsky is a synonym of this species; Holthuis 1995) is distributed mainly in northern Japan and eastern Russia, where it is a commercially important species (Kubo 1951 , Sitonikov et al. 1997 ). This species spends its whole life in seagrass beds at water depths ≤ 4 m, where it undergoes direct development. In northern Japan, this species generally hatches in spring, and matures in autumn at Age-1, mating as female at ≥ Age-2. EMMs (Age-0) or EMFs (Age-1) also form a small proportion of the population (Aoto 1952 , Mizushima 1981a , 1984 , Mizushima & Omi 1982 . The occurrence of EMMs fluctuates both annually and at small scales (e.g., within the same bay) (Mizushima 1981a (Mizushima , 1984 .
Questions about EMMs remain. First, do EMMs truly exist? Because Pandalus latirostris does not have an obvious age marker, it is aged by separating each cohort by means of the length-frequency distribution of populations in past studies. Therefore, extremely small, slow-growing Age-1 males may have mistakenly been identified as EMMs in earlier studies. Second, the degree of maturation has been judged only by an index of the appendix masculina percentage (AMP; see 'Materials and methods' for details) (Aoto 1952 , Mizushima & Omi 1982 , without histological investigation of the gonads, so it remains unclear if EMMs can produce sperm. It has been assumed that body size influences occurrence of EMMs since EMMs are larger than almost all other Age-0 individuals (Mizushima 1981a) . Few studies have examined growth in the early stages. Even if effective growth factors in the early stages show small differences, large differences may occur during the life history of P. latirostris.
The present study is based on 2 laboratory experiments and 2 field observations aimed at clarifying the factors leading to the occurrence of EMMs. The first experiment was carried out to ascertain the existence of EMMs and to evaluate the relationship between maturation and body size, and between maturation and AMP index. In the second experiment, we examined the effects of growth factors that have been suggested to be potential factors in past field observations on Pandalus latirostris (Mizushima & Omi 1982) , such as amount of food and hatching date. The size of the eggs a female carries increases with increasing female body size (Mizushima unpubl. data) . Because maternal size often affects offspring size and larger offspring often show fast growth (e.g., Roff 1992) , the growth of juveniles may be determined by maternal size. Therefore, we examined maternal size as a third potential factor. Field observations were made during both hatching and breeding seasons in Saroma Lagoon, eastern Hokkaido, Japan (Fig. 1) , to clarify the duration of the hatching period at 1 location, and to compare the size distribution of the Age-0 class and the occurrence of EMMs as a function of location in the lagoon and of year.
MATERIALS AND METHODS

Growth experiment. Expt 1:
In late May 1996, many ovigerous female Pandulas latirostris Rathbun were collected in Saroma Lagoon (Stn 3; Fig. 1 ) and maintained at the Abashiri Marine Science Center on the coast of Notoro Lagoon (Fig. 1a) . The eggs of 8 females hatched at the same time. It took 3 d, from 3 to 5 June 1996, to completely hatch all the eggs. Because the larvae have difficulty surviving until about the fifth stage (i.e., ca 4 wk old), preliminary rearing was performed before the main experiment. Larvae were kept in aerated 2 l aquaria under constant environmental conditions from hatching day to 21 July; 20 larvae from each brood were then distributed to either 2 or 3 aquaria, making a total of 20 aquaria for all larvae collected. A nylon net (1 mm mesh) was placed in each aquarium as a refuge. Water temperature was maintained at ~18°C. The larvae were fed Artemia sp. nauplii daily until the larvae were ~2 wk old, after which they were fed frozen mysid Neomysis intermedia.
Expt 1 was carried out from 22 July to 22 September, the late breeding season. To determine if body size affected the occurrence of EMMs, we used 2 experimental aquaria (blocks) with different amounts of food; larvae in the fast-growth block were fed an overabundant amount of frozen mysids and commercial compound, and those in the slow-growth block received half the amount given to the fast-growth block. Each aquarium was divided equally into 64 compartments (10 × 10 × 15 cm high) using a plastic net (Tricalnet, 3 mm mesh, Takiron Corp.). In each aquarium, 64 individuals (8 from each of 8 different females) were placed individually in each compartment. The aquaria were exposed to a natural photoperiod. The water was maintained at the same temperature as that in the lagoon by sinking the aquaria in a bath with water pumped from the Notoro Lagoon. After the experiment, all juveniles were fixed in 10% seawater formalin and their carapace lengths (CLs) were measured. The degree of maturity was estimated using the AMP index (Aoto 1952) :
where AM = the length of the appendix masculina, and EN = the length of the endopod on the second pleopod (Fig. 2) .
The gonads of each juvenile were embedded in paraffin, cut into 7 µm sections, and stained with Derafield's hematoxylin and eosin. Testis development was divided into 4 stages: immature, spermatocyte, spermatoblast, and sperm. Individuals with a testis in the sperm stage were classified as an EMM.
Expt 2: In early May 1997, many ovigerous females were collected at Stn 3 in Saroma Lagoon and transferred to the laboratory, where they were reared in aquaria at 5°C.
Larvae were induced to hatch by increasing the rearing water temperature to ~18°C from 25 to 29 May (early hatch: EH), and were classified into 2 maternal size-groups: large (LM, n = 6, x = 31.27 ± 2.00 mm [SD] ) and small (SM, n = 6, x = 25.70 ± 0.90 mm [SD] ). Maternal size between the groups was statistically different (1-way ANOVA, F = 38.86, p < 0.0001). Moreover, each maternal group was divided into 2 feeding groups: an abundant food (AF) and a poor food (PF) group, the latter receiving half the amount of food received by the former. The hatching dates in both maternal size-groups were not significantly different (1-way ANOVA, F = 0.22, p = 0.65), so both groups were regarded as hatching at the same time. Larvae that hatched from 7 to 13 June (late-hatch, LH) were also classified into 2 maternal size-groups: LM (n = 6, x = 31.87 ± 1.84 mm [SD] ) and SM (n = 6, x = 24.92 ± 1.61 mm [SD] ). Maternal size between the groups was statistically different (1-way ANOVA, F = 48.57, p < 0.0001). Each maternal size-group was divided into 2 feeding groups as for the EH group. The hatch dates in both maternal size-groups of the LH group were not statistically significant (1-way ANOVA, F = 1.00, p = 0.34). Maternal sizes of the LM group between the EH and the LH groups were statistically similar (1-way ANOVA, F = 1.07, p = 0.33), as were the maternal sizes of the SM group between both hatch groups (1-way ANOVA, F = 0.30, p = 0.60). Larvae were divided among 8 treatments: EH-LM-AF, EH-SM-AF, EH-LM-PF, EH-SM-PF, LH-LM-AF, LH-SM-AF, LH-LM-PF, LH-SM-PF. We randomly selected 40 larvae for each treatment. One aquarium with recirculating water made up an experimental block and each block had 4 replicates. We exchanged half the water in each aquarium daily. The aquaria were randomly placed on a steel shelf, and nets were put into each aquarium as a shelter. They were exposed to a natural photoperiod, and the water temperature was maintained at ~18°C. Individuals were fed Artemia sp. nauplii for ~2 wk after hatching, and then frozen mysids and a commercial compound. This experiment was continued until the middle of the breeding season (10 September 1997). The CLs of 6 to 10 randomly chosen newly hatched larvae from the same brood were measured. We photographed all individuals on 7 July, 3 August, and 10 September, and measured the CL of the juveniles from the photos. To analyze the effect of each growth factor since hatching, we used a nested analysis of variance (ANOVA), since 3 growth factors were nested within a block.
Field observations. Changes in water temperature in Saroma Lagoon: To analyze the changes in water temperature in Saroma Lagoon from May to October, the growth period of Pandalus latirostris, we used data recorded at 3 m water depth (WT; Fig. 1b ) (Saroma-ko Fisheries Cooperative Association of Aquaculture 1997).
Hatching season: Larvae were collected from Saroma Lagoon approximately every 5 d from 1 May to 4 July 1997 (no data on 15 June). All samplings were carried out in the seagrass (Zostera marina and Z. caespitosa) area, Stn 3 (Fig. 1 , bottom depth about 1.5 m). Each sample consisted of 10 pooled catches from 10 m long hauls with a Norpac net (mouth opening 45 cm, length 180 cm, 334 µm mesh). All samples were fixed in 10% seawater formalin, and the stages of the larvae were identified using the descriptions of Kurata (1955) . As Pandalus latirostris larvae first molt approximately 4.5 d after hatching (Kurata 1955 , Omi & Mizushima 1972 , we assumed that the first-stage individuals collected at each sampling were newly hatched.
Breeding season: This investigation was conducted in late September 1996 and 1997 in Saroma Lagoon. Three sampling stations were chosen with a bottom depth of about 1.5 m, having nearly the same density of seagrass. A trawl net with a sledge (mouth opening 1.5 × 0.5 m, length 1.8 m, 3 mm mesh) was trawled for 50 m hauls at each station at a constant speed of 0.28 m s -1
. All samples were fixed in 10% seawater formalin. Subsequently, the CLs were measured using calipers to the nearest 0.1 mm. Length-frequency distributions were constructed for 1 mm size-classes. Cohorts assumed to be year classes in the lengthfrequency distributions were separated using the computer program PROGEAN (Tsutsumi 1990 ). Sexes were identified based on the form of the first and second pleopods, following the descriptions of Kubo (1951) and Kashiwagi (1974) . The degree of maturity in males was determined by the AMP index. Individuals of the Age-0 group with AMP ≥ 50 were defined as EMMs. Moreover, we confirmed whether the EMMs were functionally male by visual examination of the form of the vas deferens: vas deferentias in Pandulas latirostris are coiled when the shrimps mature as males (Kubo 1951) . A small number of samples could not be examined because of inadequate fixation.
ANOVA was used to compare the CL-frequency distributions among sampling stations and between years. Fisher's protected least significant difference (PLSD) was used as a post-hoc test. G-tests were used to compare the percentage of occurrence of EMMs among stations and between years.
RESULTS
Growth experiment
Expt 1
The number of surviving Pandulas latirostris (52 individuals = 81.3%) in both growth blocks was equal. : immature in fast-growth block; : immature in lategrowth block gonads in the sperm stage had a CL ≥ 14 mm. The AMPs of individuals with developing gonads (i.e., spermatocyte, spermatoblast and sperm stages) ranged widely from 19.4 to 55.0. However, in general, higher AMPs were recorded for individuals in advanced gonadal stages, and the gonadal development of 9 of the 13 individuals that had AMPs > 37.5 was beyond the immature stage. All EMMs had AMPs > 39.4.
Expt 2
Food amount and hatching date significantly affected the growth at 3 measurement times ( Table 1) . The difference in CLs due to difference in amounts of food gradually increased with time, and the difference due to difference in hatching dates was maintained until September (Fig. 4a,b) . Moreover, interactions between both factors were observed on 3 measurement occasions (Table 1 ). The body sizes of newly hatched larvae were clearly related to maternal size, namely, larger females spawned larger larvae (n = 23, r 2 = 0.837, p < 0.0001; Fig. 5 ). Using a regression equation, the difference in CLs between 2 maternal size groups was estimated to be ~0.2 mm (Fig. 5) . Although a significant difference in CLs due to difference in maternal sizes was observed in July, the difference was not maintained until August (Table 1 , Fig. 4c ).
Interactions among cages existed for 3 measurement times (Table 1) .
Field observations
Changes in water temperature in Saroma Lagoon Fig. 6 shows the monthly changes in mean water temperature during the growth season of Pandalus latirostris. Water temperatures in 1996 and 1997 were much colder than in the previous 9 yr. Hatching season Fig. 7 shows the temporal changes in the number of newly hatched larvae at Stn 3 in 1997. Hatched larvae were firstly caught on 21 May; the number increased rapidly to a peak on 31 May, and then decreased gradually. Because no newly hatched larvae were caught after 25 June, the hatching season of Pandulas latirostris at Stn 3 was estimated to last about 1 mo.
Breeding season Neither the CL distributions within Saroma Lagoon (the sum of CLs at the 3 sampling stations) in September nor the percentages of occurrence of EMM differed significantly between years (CL distribution: ANOVA, F = 0.38, p = 0.54; percentage occurrence of EMM: G-test, G = 1.14, p > 0.05).
DISCUSSION
Expt 1 clarified some questions concerning EMM Pandulas latirostris. This experiment dismissed any doubt that EMMs were extremely small, slow-growing normal males (Age-1), and showed that EMMs display rapid growth until the breeding season at Age-0. EMMs began producing sperm at ~14 mm CL. Although the AMP index value of 50 has been used as a provisional criterion for identifying EMMs in past studies (Aoto 1952 , Mizushima 1981a , Mizushima & Omi 1982 , these studies did not show a clear relationship between the AMP index and degree of maturation. In Expt 1, almost all individuals with developing gonads had AMP indices above 37.5. We confirmed that EMMs in the field were functional males. There- fore, the traditional definition of EMM based on AMP may be useful, although it was not sensitive, since 1 immature individual in Expt 1 had an AMP index above 50. We have to consider the effect of water temperature during the rearing period before Expt 1, because the rearing temperature was higher than the average temperature in June over the preceeding 9 yr in Saroma Lagoon. Omi & Mizushima (1972) showed that early larval stages have a wide optimal temperature range for growth: from 10 to 16°C at the first stage (4.5 d after hatching) and from 14 to 18°C at the second stage (9 d after hatching). Because water temperatures (~18°C) during the preliminary rearing and the optimal temperature for growth were similar, we assume that the higher temperature during the preliminary rearing did not greatly affect larval growth during this period.
Expt 2 showed that the amount of food given caused the largest difference in CL. Unlike the adults, juvenile penaeid prawns feed continuously day and night (Reymond & Lagardere 1990 , Heales et al. 1996 . In Pandulas latirostris, abundant food may be needed for early growth of juveniles because the molting interval of Age-0 shrimp is much shorter than that of adults (Kurata 1955 ). Food quality is also an important factor influencing the growth of shrimps (Venkataramiah et al. 1975 , Ouellet et al. 1995 , Petit et al. 1997 , and the fact that this species preys on many species (Mizushima 1981b ) may reflect the requirement for high-quality food.
Difference in hatching dates may influence body development and, as a result, cause variations in life history (Schultz 1993 , Yamamoto et al. 1997 . In Pandalus latirostris, the hatching dates vary locally, even within the same bay (Mizushima & Kakuda 1980 , Mizushima et al. 1983 ). The present study showed that the hatching period at 1 location lasted for ~1 mo. The results of Expt 2 suggested that a difference in hatching dates of > 2 wk caused a large difference in body size, which persisted for ~3 mo later (i.e., until the breeding season). If the water temperature in the field notably increases with time during the hatching season, early-and latehatching individuals will undergo growth in different water temperatures, which will result in different molt intervals. Molt intervals of larvae of pandalid shrimps, for instance, decrease with increasing temperature (Rothlisberg 1979 , Schultze & Anger 1997 . However, in Expt 2, there was no difference in water temperatures between the 2 hatching groups. In the last 11 yr, data records (Saroma-ko Fisheries Cooperative Association of Aquaculture 1997) show no remarkable difference in water temperature in Saromako Lagoon between the hatching period of the early-hatching group (25 to 29 May: 9.6 ± 0.4°C [SD] ) and that of the late-hatching group (7 to 13 June: 11.6 ± 0.3°C [SD] ). Thus, molt intervals at an early larval stage may be similar for the first half and for the second half of the hatching season. Size difference arising from differences in hatching dates, therefore, may be maintained up to the breeding season, as confirmed by the results in Expt 2. Maternal body size often influences egg size and/or offspring size (Parker & Begon 1986 , Glazier 1992 , and large offspring grow faster than small offspring (reviewed by Roff 1992) . Although the size of newly hatched larvae of Pandalus latirostris was affected by maternal body size, the size difference of larvae between the 2 maternal size groups in Expt 2 decreased with time. This suggests that maternal effect does not affect sequential growth of juveniles until the breeding season. However, large offspring generally exhibit higher survival than small offspring when food conditions are unfavorable (Mashiko 1985 , Marsh 1986 , Tessier & Consolatti 1989 , and may be better at acquiring food resources (Knutsen & Tilseth 1985 , Berejikian et al. 1996 , Chaparro et al. 1999 .
Feeding activity generally increases with increasing water temperature (Omi & Mizushima 1972) . Moreover, the hatching date also depends on an increase in water temperature (Mizushima & Kakuda 1980 , Mizushima et al. 1983 . Locations where EMMs occur frequently are close to locations where early hatching occurs in Akkeshi Lagoon, eastern Hokkaido (Mizushima et al. 1983 ), but not in Notsuke Bay, eastern Hokkaido (Mizushima & Kakuda 1980 , Mizushima 1981a . Therefore, it is not certain whether the difference in body size caused by differing hatching dates persists until the breeding season. In our experiment, the growth of juvenile Pandalus latirostris was affected more by environmental conditions after hatching than by differences in hatching date. The age/size at sexchange in some pandalid shrimp is chiefly governed by genetic factors (Bergström 1992 , Marliave et al. 1993 . Based on our results from Expt 1, which showed that variation of AMP among individuals increased with increasing body size, genetic factors may affect the occurrence of EMMs. However, all individuals <14 mm CL in Expt 1 were immature, regardless of whether their siblings matured, so a genetic effect may be much smaller than the effect of food supply. We conclude that the amount of food is the most important factor affecting the growth and maturity of P. latirostris, and that it is strongly affected by abiotic factors, especially water temperature.
In Notsuke Bay, EMM frequencies are reported to vary from 0% to almost 50% (Mizushima 1981a (Mizushima , 1984 . Such fluctuations have also been observed earlier in Saroma Lagoon (Mizushima unpubl. data) . However, our field observations showed that the frequency ranged from 0 to 5%. The only significant difference between locations occurred in 1997. The reason for this may be that our sample size may have been too small for comparisons. The yearly occurrence of EMMs did not differ significantly. In 1996/1997, we observed very few individuals larger than the 'critical' male maturation size (>14 mm CL estimated from the results of Expt 1). Omi & Mizushima (1972) showed that the effect of water temperature on growth tends to be stronger with increasing juvenile stages. Because the water temperature in Saroma Lagoon in 1996/1997 was much colder than in the preceeding 9 yr, the low proportion of EMMs in our observations may have been caused by slow growth.
The sex-change of pandalid shrimps has been studied in deep-sea dwelling species, and variation in the occurrence of EMFs between localities have been discussed on latitudinal scales. For example, Butler (1964) and Charnov (1979) suggested that populations at lower latitudes have a higher proportion of EMFs because those individuals grow more rapidly (Rasmussen 1953) . There are few conclusive reports showing which factors govern growth in pandalid shrimps, and the effect of water-temperature fluctuations in any one area is not clear (Shumway et al. 1985 , Apollonio et al. 1986 , Parsons et al. 1989 , Bergström 1992 . In shallow water, water temperature and/or the availability of food is much more variable among localities than in the deep sea. Therefore, the occurrence of EMMs in this species may fluctuate at small scales (e.g., within the same bay).
Early studies on the cause of annual fluctuations in the proportion of EMFs within any one water area have focused on correlations with age/size structure in a population each year: a reduction in the number of old females has been suggested to increase the proportion of EMFs (Charnov et al. 1978 , Charnov & Anderson 1989 . Moreover, Bergström (1992 Bergström ( , 1997 and Marliave et al. (1993) have suggested that the varying frequencies of genotypes programming for sex-change at different ages/sizes in populations may affect the occurrence of EMFs in pandalid shrimps. Although the possible relationship between EMMs and EMFs still remains undescribed, juveniles that become EMFs need to grow more rapidly than other individuals of the same age group because EMFs have to pass through a size range in which they are not large enough to pro-duce eggs. Therefore, the occurrence of EMFs and EMMs may be closely related to growth rate. We propose that the fluctuation in the proportion of EMFs in pandalid shrimps may be also caused by variations in growth that occur before males mature.
